Abstract. The distribution and timing of areal basaltic volcanism are modeled using three nonhomogeneous methods: spatio-temporal nearest neighbor, kernel, and nearestneighbor kernel. These models give nonparametric estimates of spatial or spatiotemporal recurrence rate based on the positions and ages of cinder cones and related vent structures and can account for migration and shifts in locus, volcano clustering, and development of regional vent alignments. The three methods are advantageous because (1) recurrence rate and probability maps can be made, facilitating comparison with other geological information; (2) the need to define areas or zones of volcanic activity, required in homogeneous approaches, is eliminated; and (3) y. An additional finding, illustrating the strength of nonhomogeneous methods, is that maps of the probability of volcanic eruption for the YMR indicate the proposed repository lies on a steep probability gradient: volcanism recurrence rate varies by more than 2 orders of magnitude within 20 km. Insight into this spatial scale of probability variation is a distinct benefit of application of these methods to hazard analysis in areal volcanic fields.
Introduction
The distribution and timing of volcanism in areal basaltic volcanic fields have been the focus of numerous studies, primarily with the aim of better understanding the processes that govern magma supply and the role of crustal structure in influencing magma ascent [Settle, 1979; Nakarnura, 1977; Wadge and Cross, 1988; Connor, 1990; Lutz and Gutmann, 1995] . Three basic aspects of cinder cone distribution have been described through these and related studies: (1) shifts in the locus of cinder cone volcanism are a common phenomenon in volcanic fields; (2) cinder cones cluster within these fields, often on several scales; and (3) vent alignments are ubiquitous, including short local alignments of several vents and more regional alignments that are usually more than 20 km in length and consist of numerous vents. Patterns in the distribution and timing of basaltic volcanism also have been used to assess hazards. For example, Wadge et al. [1994] made a quantitative analysis of the distribution of lava boccas on Mount Etna as part of their assessment of lava flow hazards.
Here, three spatial and spatio-temporal nearest-neighbor
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0148-0227/95/95JB-01055505.00 models are presented to describe areal patterns in basaltic volcanism. These models are applied to the probability of volcanic eruption occurring in the Yucca Mountain region (YMR), Nevada. This approach features several characteristics of nearest-neighbor methods which make them amenable to volcano distribution studies and hazard analysis in areal volcanic fields. First, volcanic eruptions, such as the formation of a new cinder cone, are discrete in time and space. Using nearest-neighbor methods, the probability surface is estimated directly from the location and timing of these past, discrete volcanic events. As a result, nearestneighbor models are sensitive to the patterns generally recognized in cinder cone distributions. Furthermore, the resulting probability surfaces are continuous, rather than consisting of abrupt changes in probability that must be introduced in spatially homogeneous models. Continuous probability surfaces can be readily compared to other geologic data, such as fault location, that may influence volcano distribution. Nearest-neighbor methods also eliminate the need to define areas or zones of volcanic activity as is required by all spatially homogeneous Poisson models. tion of individual events is relatively easy to assess using nearest-neighbor models. Basaltic volcanism in the YMR has been the topic of numerous previous studies focusing on the probability of volcanic disruption of a proposed high-level radioactive waste repository Ho, 1991; Ho et al., 1991; Crowe et al., 1992a; Sheridan, 1992] . These studies are pursued largely because the proposed waste repository is located within 10-20 km of at least five Quaternary cinder cones (Figure 1) and the high-level radioactive waste must be isolated from the surrounding environment for a period of at least 10,000 years. Most models assessing the probability of future volcanism in the YMR and the likelihood of a repository-disrupting event rely on the assumption that PlioQuaternaw basaltic volcanoes are distributed in a spatially uniform random manner over some bounded area [e.g., Crowe et al., 1982 Crowe et al., , 1992a Ho et al., 1991; Margulies et al., 1992] . However, as in many other volcanic fields, patterns in the distribution and age of basaltic volcanoes in the YMR make the choice of these bounded areas somewhat subjec-tive. Spatial variations in the YMR volcanic field are shown by shifts in the locus of basaltic volcanism from east to west since the cessation of caldera-forming volcanism in the Miocene Southern Nevada Volcanic Field [Crowe and Perry, 1989] . Crowe et al. [1992a] and Sheridan [1992] also noted that basaltic vents appear to cluster in the YMR. Sheridan [1992] suggests that one parametric method of accounting for spatial heterogeneity in vent distribution is to assume that post-4 Ma volcanoes located close to the proposed repository are formed as a result of steady state activity and that the dispersion of these vents represents two standard deviations on an elliptical Gaussian probability surface. Using this assumption, Sheridan [ 1992] modeled the probability of repository disruption by Monte Carlo simulation for both volcanic events and dike intrusions, noting that variations in the shape of the probability surface significantly alter the probability of igneous disruption of the proposed repository. An alternative approach used to assess volcanic hazards in the YMR has been to define specific areas in which the recurrence rate of igneous events is increased. Smith et al. [ 1990] and Ho [1992] define NNE trending zones within which average recurrence rates exceed that of the surrounding region. These zones correspond to cinder cone alignment orientations that Smith et al. [1990] and Ho [1992] hypothesize may occur as a result of structural control. The objectives of our application of nearest-neighbor methods in the YMR are (1) to account for observed heterogeneities in volcano distribution in our estimate of the probability of •volcanism in the area and within the boundaries of the proposed repository; (2) to use these methods to map variation in probability of volcanism across the region for the first time, thus placing the probability of volcanic eruption occurring at or near the repository in a more regional context; and (3) to compare the three nearest-neighbor estimates, and previous estimates, of the probability of volcanic eruption in the area. On a slightly finer scale, cinder cones are known to cluster within many volcanic fields [Heming, 1980; Hasenaka and Carmichael, 1985; Tanaka et al., 1986] . Spatial clustering can be recognized through field observation, or through the use of exploratory data analysis or cluster analysis techniques [Connor, 1990] . Clusters identified using the latter approach in the Michoacfin-Guanajuato and the Springerville Volcanic Fields were found to consist of 10-100 individual cinder cones. Clusters in these fields are roughly circular to elongate in shape with diameters of 10-50 km. The simplest explanation for the occurrence, size, and geochemical differences between many of these clusters is that these areas have higher magma supply rates from the mantle. Factors affecting magma pathways through the upper crust, such as fault distribution, appear to have little influence on cluster formation [Connor, 1990; Connor and Condit, 1994 
Patterns in Cinder Cone
where E(Z) is the expected value of z. If volcanoes form as the result of a completely spatially and temporally random process, E(Z) can be thought of as the expected time and area within which n volcanoes will form and z must have a gamma density distribution [Ripley, 1981] . Therefore the probability density function for z is A n fz(Z) = Z n-le-xz
(nwhere A is the average recurrence rate within some specified area and over some specified time interval. The expected value of z, given this probability density function, becomes E(Z) (n -'1)! zne •z dz
YMR, greater uncertainty exists in recurrence rate estimates because of the comparatively small number of events Ho et al., 1991] . In addition, the use of (4) assumes that u i and t i have been adequately determined for each volcano. Here, t i is taken to represent the time since the formation of the volcano. Finally, it is assumed that each volcano is adequately represented as a point. However, as described below, various area terms may be used to alleviate this assumption. In practice, it is relatively simple to test the sensitivity of the model results to both uncertainty in the ages of volcanoes and estimates of the regional recurrence rate of volcanism by computing the recurrence rate using a range of parameters.
A n n! n E(Z) (n -1)! A n+l A (9)
In order to compare E(Z) with the recurrence rate per unit area, as defined in (6), E(Z) is evaluated for n = 1, that is, the expected time and area within which one new volcano will form. Combining (6) and (9), An(X , y)= A (10)
for completely spatially and temporally random distributions. The nearest-neighbor estimate of recurrence rate An(X, y) becomes a constant equal to the average recurrence rate over some specified area if the underlying distribution is completely spatially and temporally random. This nearestneighbor nonhomogeneous Poisson model thus is simply a general form of homogeneous Poisson models. One distinct advantage of using the more general nearest-neighbor nonhomogeneous Poisson models rather than homogeneous Poisson models is that regions within which A is taken to be constant need not be defined.
Therefore it is reasonable to compare the expected regional recurrence rate calculated using various nearestneighbors (equation (4) where in this case, Ax and Ay are the grid spacing used in the calculations and q and n are the number of grid points used in the X and Y directions, respectively. Summarizing the first method, several assumptions are made in the application of (4) to estimate the intensity of volcanism and the probability of volcanic eruption in a particular volcanic field. The most important assumption is that the appropriate number of nearest-neighbor volcanoes can be estimated from the regional recurrence rate. In areas of concentrated volcanism, such as the Springerville Volcanic Field, the frequency of vent-forming eruptions is high enough to make recurrence rate estimates fairly straightforward . In other areas, such as the where n volcanoes are used in the analysis and e n is an edge correction [Diggle, 1985; Cressie, 1991] Eruptions will have a high probability close to existing volcanoes if h is chosen to be small. Conversely, a large value of h will result in a more uniform probability distribution. Clearly, utility of the kernel model depends on the assumption that the smoothing constant can be estimated in a geologically meaningful way. Silverman [1986] recommends using a wide range of smoothing constants in density calculations, an approach adopted by Lutz and Gutmann [1995] . An identical approach is used here. However, the range of reasonable smoothing constants is further constrained by using a spatial cluster analysis. The shape of the kernel function is an additional assumption in the model. Even with this limited number of volcanic events, we also found that the kernel function has a trivial impact on probability calculations compared with the choice of a smoothing constant.
Method 3: Nearest-Neighbor Kernel Estimate
In method 3 a value rm(X, y) is substituted for the smoothing constant, h, in (14), where rm(X, y) is the distance between point (x, y) and the ruth nearest-neighbor volcano [Silverman, 1986] . In this case, the nearest-neighbor is determined on the basis of distance only, rather than using the measure ltit i used in method 1. For m -> 1, Ar(X , y) > 0 everywhere. Thus this nearest-neighbor kernel method produces smoother variation in the probability surface than is calculated for all but the largest values of a smoothing constant in method 2. Nonetheless, the estimated recurrence rate will be higher near the center of clusters than is estimated using the large values for the smoothing constant in method 2. As in method 1, the number of nearest neighbors used to estimate Ar(X, y) will strongly impact the results and experimentation using a range of nearest neighbors is necessary to identify the resulting variation in Ar(X, y). Unlike method 2, eh will not always equal n in application of the nearest-neighbor kernel method [Silverman, 1986] . The simplest approach to determination of e h is to first integrate estimates of Ar(X, y) over the entire region using eh = n, then chose a value of eh such that A A.r(X, y) da = 1.
The value of e h typically varies from 0.9n to n when estimated using this approach.
The three methods yield three different measures of recurrence rate, which are distinguished by subscript (method 1, An(X, y); method 2, Ah(x, y); method 3, At(x, y)). Commonality between the three methods lies in the fact that each method depends fundamentally on the distribution of past volcanic events in order to estimate the probable locations of future volcanism.
In the case of methods 1 and 3 the m nearest-neighbor volcanoes are used, defined by the distance to, or distance to and time since, past eruptions in the area. in method 2, only nearby volcanoes are used in the estimate of recurrence rate, where "nearby" is defined by the smoothing constant. Furthermore, in all three methods the calculation of a probability of future volcanism at a given location within a volcanic field depends on an estimate of the regional recurrence rate A t which is generally not known with certainty [McBirney, 1992; Ho, 1991] .
Application to the Yucca Mountain Region
The proposed geological repository for high-level radioactive waste at Yucca Mountain, Nevada, provides one exampie of the increasing need to evaluate hazards due to areal basaltic volcanism. 
Data Used in Models
On the basis of the abundant geological and geochronological data available for the YMR, we use two data sets throughout the following analyses. These two data sets are meant to encompass most of the uncertainty in the number and timing of volcanoes formed in the YMR. Data set 1 (Table 1) 1. Furthermore, minimum ages are used in data set 1. These minimum ages are defined by the one-sigma uncertainty reported for age determinations. In cases where there is no overlap between two recent age determinations, such as is the case for Black Cone (Table 1) , we use the younger of the dates in data set 1. Data set 2 excludes several mapped vents from the analysis because these vents are closely spaced and therefore may represent a single eruptive event. For example, Little Cone NE is not included in data set 2 because of its proximity to Little Cone SW. Also, several undrilled aeromagnetic anomalies are not included in data set 2. Older volcano ages are used in data set 2 (Table 1) . These two data sets bound current estimates of the timing and distribution of postcaldera basaltic volcanic events in the YMR, noting that alternative data sets may certainly be developed and ages may be revised as additional geochronological analyses are published.
The type of event modeled using these two data sets is formation of a new volcano. Individual cones, isolated lava boccas, or mappable remnants of these structures represent events. In data set 1 these events include the construction of any Quaternary edifice by volcanic eruption. In data set 2, events include individual cones and cone pairs separated by < 1 km. Events in this data set imply that vent pairs may be fed by the same intrusions at shallow levels during an eruption. Champion [1991] has argued that the Quaternary Crater Flat alignment and similar cone alignments in the area formed during single episodes of volcanism. Thus all five cones in the Quaternary Crater Flat alignment may represent one eruptive event. One way to think of the two data sets is that they weight episodes of alignment formation by the number of volcanoes formed in each. This approach is consistent with the use of spatially nonhomogeneous models.
These two data sets are not appropriate for modeling the probability of reactivation of an existing cinder cone, a process that some investigators have suggested occurs in the YMR [e.g., Wells et al., 1990; Bradshaw and Smith, 1994]. The probability models in this paper are used to determine the probability of formation of a new volcano, a spatial or spatio-temporal process. Reactivation of an existing vent is essentially a temporal process and should be modeled accordingly.
In addition, these two data sets are further divided by volcano age throughout the analyses that follow. Each analysis is made for all volcanoes in the data set (i.e., all mapped postcaldera basalts), volcanoes less than 5 Ma, and volcanoes less than 2 Ma. This is done in recognition of the nonstationary character of YMR cinder cone volcanism. 
Probability Models
As a first step in analysis of volcano distribution in the YMR, the presence of volcano clusters is tested using data sets 1 and 2 (Table 1) Application of method 1. Regional recurrence rate is calculated using (3) and then compared with expected regional recurrence rate A t using (12). The calculations are repeated using the two data sets, further subdivided by age (Figure 3 One way to illustrate spatial variation in estimated recurrence rate in the YMR, and hence the probability of volcanic eruption, is to map probabilities calculated from nonhomogeneous Poisson models. Applying (4), the expected recurrence rate is estimated at points on a grid (grid node spacing of 2 kin) using varying numbers of nearest neighbors. Probabilities of at least one event occurring within one repository area (8 km 2) about each grid point during the next 10,000 years are then calculated (equation (16)). Four such maps are illustrated in Figures 5a-5d . Using rn = 9 nearest-neighbor volcanoes and data set 1 (Figure 5a) , the clustered nature of volcanism in the YMR is captured by the probability surface, with the most significant mode in probability being centered on the Crater Flat Cluster. Modes in probability are also preserved at late Miocene clusters in the eastern part of the YMR, although probabilities of eruption are estimated to be more than 1 order of magnitude lower than in Crater Flat. None of the maps shown indicate increased probability of volcanic eruption in the Sleeping Butte Cluster because of the few vents that compose this cluster. Probability contours on all four maps (Figures 5a-5d) Cinder cone clusters are common and well-documented in basaltic volcanic fields [e.g., Heming, 1980; Connor, 1990 ]. This clustering may be the result of various geologic controls on cinder cone emplacement, including the size, distribution, and longevity of partial melt zones, or possibly the heterogeneity of extension rates within the crust [Heming, 1980; Connor, 1990] . Geological factors such as these suggest a mechanistic basis for application of temporally and spatially nonhomogeneous Poisson probability models. The three nonhomogeneous methods treat clusters using different ariteria• with varying res•J!ts: Method 2 presupposes that volcano density and distance between volcanoes best defines clustering. As a result, for example, method 2 effectively identifies the Sleeping Butte area as a cluster of three volcanoes (Hidden Cone, Little Black Peak, and Thirsty Mountain), in a manner quite consistent with the cluster analysis (Figures 8a and 8b All three methods respond to the presence of regional volcano alignments. In the YMR, the NNW trend of the CFVZ is reflected in the overall shape of the probability surfaces calculated using the three methods (Figures 5b, 8a , and 11a). It is possible to model existing local vent alignments, such as the vent alignments within the Crater Flat Cluster, by decreasing the smoothing constant h in method 2 [Lutz and Gutmann, 1995] or decreasing the number of nearest neighbors used in methods 1 and 3. In the case of the YMR, this is achieved by choosing h < 5 km or m -< 3 nearest-neighbor volcanoes. The basic agreement between many of these estimates of the probability of volcanic disruption of the proposed repository site must be tempered, however, by a fundamental result of the spatial and spatio-temporal nonhomogeneous techniques developed here. All three nonhomogeneous methods indicate that the proposed repository is positioned on a probability gradient due to its proximity to Crater Flat. Immediately west of the proposed site, the probability of volcanism within the next 10,000 years increases to at least 1 x 10 -3 in 10,000 years due to the presence of Quaternary volcanoes in Crater Flat Valley. However, the probability of volcanism within the next 10,000 years decreases east of the proposed repository site. The probability of a new volcano forming within an 8 km 2 area located 20 km east of the site is of the order of 1 x 10 -5 in 10,000 years or less. This rapid change in probability, resulting from clustering in volcano distribution, has important implications for the uncertainty associated with the use of probability models. Within 20 km of the proposed site, the probability of volcanism during the next 10,000 years and within a given 8 km 2 area varies by more than 2 orders of magnitude. Given the rapid change in probability across the area, it seems likely that additional geologic information, such as the role of preexisting structure [Smith et Variation in the repository area term also results in variation in probability estimates. As mentioned above, the total area of the repository is currently estimated to be about 6 km 2. The area radioactive waste occupies within repository depends on design but varies from about 2.3 km 2 for a high thermal load repository to 4.6 km 2 for a lower thermal load repository [Wilson et al., 1994] . Our calculations have been for 8 km2, which includes the total area of the repository and a buffer zone extending 500 m out from the repository perimeter. This is done in recognition that satellite vents and other direct disruptive effects commonly extend for about 500 m from the central vent. In addition, this buffer accounts for some of the possible deleterious effects of volcanism within a short distance of the repository, such as adverse impact on the hydrological and geochemical setting of the repository. Changing the area term from a = 8 km 2 to a = 4 km 2 will decrease the range of probability estimates by about a factor of two. Using a = 4 km 2 (i.e., low thermal load design) to calculate probability of volcanic disruption implies that volcanism is a point source and that volcanism close to, but not within, a waste storage area has no impact on the isolation of radionuclides. Such assumptions do not seem conservative; consequently, a larger area term is used.
Probability of Volcanic Disruption of the Proposed
In a similar way, increasing the value of a will increase probability estimates. This is particularly important when probability estimates are made assuming distributed volcanoes represent a single event. This was done in data set 2 by treating NE and SW Little Cones as single events. As a further example, it is possible to consider episodes of cone alignment formation, such as the formation of the Quaternary Crater Flat alignment, to be single events. Of course, this reduces both the total number of volcanic events in the region and the regional recurrence rate A t . However, the value of a must be increased to reflect the area impacted by the entire cone alignment.
Experimentation with values of A t and a indicates that they have a very limited effect on probability calculations when considered together. Although these variables are important, spatial variation dominates uncertainty in the probability analysis. This salient point illustrates the basic advantages of applying spatially nonhomogeneous methods to volcanic hazards problems.
